A translational preterm pig model analogous to infants born at 28 weeks of 16 gestation revealed that continuous positive airway pressure results in limited lung 17 recruitment but does not prevent respiratory distress syndrome (RDS); whereas, assist-18 control + volume guarantee (AC+VG) ventilation improves recruitment, but can cause 19 injury, highlighting the need for improved ventilation strategies. We determined whether 20 airway pressure release ventilation (APRV) can be used to recruit the immature lungs of 21 preterm pigs without injury. Spontaneously breathing pigs delivered at 89% of term 22
hours, compared to 62% of control pigs. APRV resulted in improved lung volume 27 recruitment compared with AC+VG based on radiographs, lower PCO 2 levels (44±2.9 vs 28 53±2.7 mm Hg, p=0.009) and lower FiO 2 requirements (36±6 vs 44±11 %, p<0.001), and 29 higher oxygenation index (5.1±1.5 vs 2.9±1.1, p=0.001). There were no differences 30 between APRV and AC+VG pigs for heart rate, wet/dry lung mass, pro-inflammatory 31 cytokines, or histopathologic markers of lung injury. Lung protective ventilation with 32
Introduction 38
Respiratory distress syndrome (RDS) remains the leading cause of morbidity and 39 mortality for preterm infants [16] and improving neonatal resuscitation remains a priority [30] . 40
Rapid airway clearance and lung recruitment following preterm birth are crucial [10] . Presently, 41 preterm infants may be intubated for administration of surfactant, but because of concern of 42 causing ventilator induced lung injury (VILI) are then extubated for the initiation of non-invasive 43 ventilation, generally using continuous positive airway pressure (CPAP), despite concerns about 44 its efficacy, safety [3] , and limited lung recruitment [2] . 45
We hypothesized lung protective modes of MV can be adapted to recruit functional 46 reserve capacity (FRC) immediately after birth without surfactant. We compared the commonly 47 used assist-control + volume guarantee (AC+VG) mode with airway pressure release ventilation 48 (APRV), also known as biphasic positive airway pressure. APRV is a pressure-limited, time-49 cycled, time-triggered mode of ventilation [19] that recruits FRC using a defined peak pressure 50 (P high ) that is extended over a prolonged period (T high ). Ventilation occurs when P high is reduced 51 (P low ) for a period of time (T low ) that allows for expiration, but is short enough to prevent 52 alveolar collapse and de-recruitment. Although APRV improves oxygenation, decreases 53 physiologic dead space ventilation, and reduces alveolar edema, surfactant inactivation, 54 histopathologic damage, and the incidence and severity of RDS [17, 21] , the use of APRV for 55 preterm neonates has not been systematically studied, except for a few case studies after onset of 56 RDS [8, 14] . To determine the efficacy of proactive APRV initiated soon after delivery, we 57 used a preterm pig model of lung immaturity and surfactant deficiency, since it closely mimics 58 respiratory issues in preterm humans, and therefore provides information that can readily be 59 translated to clinical care [2] .
Methods 61
Source of preterm pigs. The caesarian section, care, and sampling of preterm pigs 62 followed our established protocol [2] and were approved by the Institutional Animal Care and 63
Use Committees of the University of Tennessee Health Science Center (location of caesarian 64 section) and the University of Memphis (site of critical care). Preterm pigs were delivered from 65 four specific pathogen-free, artificially inseminated sows of a defined genetic lineage without 66 antenatal steroids on gestation day 102 (89% of 115-day term), when lung development is 67 similar to that of 28 week preterm infants. After the airway was suctioned and cleared and 68 spontaneous breathing was established the pigs were transported to a facility established for 69 chronic intensive care. 70
Processing and intensive care. Pigs with birth weight > 600 grams were intubated with 71 2.5 French endotracheal tubes, but were not provided surfactant. Within each litter those of 72 similar body weights were randomized to either APRV (n=9) or AC+VG (n=10) using Dräger 73 VN500 ventilators (Dräger Medical, Incorporated, Dräger, Telford, PA). Pigs with significant 74 tracheal trauma (e.g. perforation) caused by placement of the endotracheal tube were removed 75 from the study (n=7), regardless of the ventilator strategy to which they had been assigned. 76
Supplemental oxygen was provided to the remaining pigs in each litter using an open mask. 77
The initial settings for APRV were a P high of 16, P low of 0 to minimize expiratory 78 resistance, T high of 2 seconds, and T low set for termination of expiration at 75% peak expiratory 79 flow rate. The initial AC+VG settings of 40 breaths per minute, positive end expiratory pressure 80 (PEEP) of 5 cm H 2 O, inhalation time of 0.35 seconds, tidal volume of 5 ml/kg, and FiO 2 of 40% 81 are considered to be lung protective [18] . All pigs were allowed to breathe spontaneously. 82
Caffeine or doxapram were not provided during the 24 h of MV. Pigs were repositioned eachhour to avoid dependent edema and lung atelectasis and sedated as needed (Ketamine Bioniche 84 Teoranta, Galway, Ireland; 2 mg/kg/dose) via an umbilical catheter (3.5Fr Argyle TM, Covidien, 85 Massachusetts, USA), which was also used for arterial blood sampling, parenteral nutrition, 86 single prophylactic doses of maternal plasma (5 ml/kg) for passive immunity, antibiotic 87 (Cefazolin; 50 mg/kg/dose), and supplemental lactated Ringers as needed to maintain tissue 88 perfusion (usually 3-4 ml/kg/hour). 89
Heart rate and oxygen saturation were monitored continuously (Masimo Radical 7, 90
Masimo TM, USA). Arterial blood gas measurements (iSTAT ® and CG 4 cartridges; Abaxis, 91
Union City, CA) were performed every 3 hours or after adjustment of ventilator settings to 92 maintain a pH of 7.25 to 7.35, pCO 2 of 40 to 55 mmHg, and oxygen levels within a range of 90-93 95% saturation. and stained with hematoxylin and eosin. A pediatric pathologist, blinded to the study protocol, 108 reviewed the sections for inflammation, hemorrhage, edema, necrosis and atelectasis using a 109
Likert scale that ranged from 0 (no injury), 1 (1% to 25% injury), 2 (26% to 50% injury), 3 (51% 110 to 75% injury), to 4 (76% to 100% injury). 111 Statistical analysis. Data were analyzed using Student's t-test and categorical variables 115
were compared using Fischer's exact test. The selected level of significance was a two-sided 116 p<0.05. 117
Results

118
Preterm pigs are challenging to intubate and 7 pigs were excluded because of substantial 119 trauma or damage to the trachea or a bronchus. The APRV and AC+VG pigs within each litter 120 had similar birth weights, with both larger than controls (Table 1) . Litters 1 and 2 provided six 121 pigs each that were large enough for successful intubation. Litters 3 and 4 provided fewer pigs 122 >600 g. All 19 of the successfully intubated pigs provided MV survived the 24 hours period of 123 mechanical ventilation, whereas 12/36 (33%) of the control pigs died suddenly or required 124 euthanasia prior to 24 hours after developing symptoms consistent with RDS. Risk of death for 125 control pigs <600 g was similar to pigs >600 g (P=0.75). 126
Physiology. During the first 60 min of APRV, the P high (18.7 cm H 2 O+0.2) exceeded the 127 PIP required to achieve the targeted 5 ml/kg volume of the AC+VG protocol (13.7+1.1 ml/kg; 128 P<0.01) and yielded an average ventilation volume (Vt) of 6.3 ml (+0.4). At 3 hours the Vt had 129 increased to 7.7 (+0.4; P=0.008) despite gradually decreasing P high in response to blood gases and 130 oxygenation (Figure 1 ). Even though P high remained relatively stable after 3 hours, lung 131 recruitment continued and the Vt for the last hour of the study (9.1+0.4) was higher compared to 132 3 hours (P=0.02). As expected, adjusting P high changed ventilation volumes. 133
The PIP declined from 13.6 cm H 2 O (+0.4) for the first 60 minutes to 11. 6 cm H 2 O 134 (Table 2) . PCO 2 was in the normal range for both groups, but was higher among 140 AC+VG pigs. There were no differences for pH, PaO 2 and oxygen saturation, as expected since 141 ventilator settings were adjusted to maintain these values within the targeted range. The 142 oxygenation index (F i O 2 x mean airway pressure/P a O 2 ) was higher for the APRV pigs (P<0.001), 143 indicating improved gas exchange. The heart rate was similar for both groups of ventilated pigs. The wet/dry lung ratio did not differ between the APRV and AC+VG groups (86.1% wet 151 mass ±0.6% vs 86.2% ±0.4%, respectively, p=0.8).
Histopathology. There were no significant differences in hemorrhage, atelectasis, 153 edema, necrosis, or inflammation, with all scores averaging <1 for both groups (all P>0.1). The 154 lungs of APRV pigs had regions with alveolar septal thinning whereas the lungs of AC+VG pigs 155 exhibited areas of microatelectasis (Figure 2) . 156
Inflammation. None of the pro-inflammatory cytokines IL-1α, IL-1β, IL-6, and IL-8 157 measured in the lung lavage samples differed between the groups of ventilated pigs. IL-10, IFN-158 γ, and TNF-α were below the limits of detection and IL-4 was detected at low levels in 1 of the 9 159 APRV and 1 of the 10 AC+VG pigs. 
Perspectives 206
The present study is limited by the use of preterm pigs that are relevant to 28-week 207 preterm infants that with surfactant often do well without intense ventilation support [2] . The 208 potential benefits and limitations of APRV need to be evaluated at earlier stages of preterm lung 209 development, and the optimal initial P high to effectively and safely recruit lung volume must be 210 determined. Although the short-term benefits of proactive APRV are evident, the longer-term 211 pulmonary outcomes, including assessing the impact on survival, time to extubation, and 212 subsequent lung development need to be evaluated. 
